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Abstract
Lack o f effective biomass pretreatments has been one of the main limiting factors
for cellulosic ethanol production. The addition o f plant-made hemicellulases to the
pretreatment procedure is an alternative method o f obtaining fermentable sugars. Four
putative or characterized xylanases out o f 73 hydrolases from A. niger were found by
bioinformatics analysis. Proteins o f interest were targeted to the ER, and transiently
expressed in N. benthamiana plants accumulating up to 38% o f TSP. A simple surfactantbased aqueous two-phase system was used to purify xylanase-HFBI fusions with a
recovery up to 83%. An endoxylanase and a P-xylosidase were characterized, and their
combined action enhanced xylose production. This study presents a very promising
expression and purification system for fungal hemicellulases to further improve
cellulosic ethanol production.
Keywords: Cellulosic ethanol, hemicellulase, xylanase, N. benthamiana, hydrophobin,
aqueous two-phase system
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CHAPTER 1: INTRODUCTION
1.1 Cellulosic Ethanol as the Alternative Energy
A depletion o f the world’s fossil oil supply has been a catalyst for an increased
interest in biofuels (Lin and Tanaka, 2006). Ethanol is expected to be the most widely
used biofuel around the world because it is a renewable energy source and has low
toxicity (Bothast and Schlicher, 2005). Although ethanol is presently produced mainly
from starch and sugar, it is believed that in the long term, cellulosic biomass will become
the main substrate for ethanol production (Carroll and Somerville, 2009). The prime
benefits o f using cellulosic matter for ethanol production are the abundance o f cellulosic
biomass, and the possibility o f exploiting non-food crops (Sticklen, 2008). Specifically,
over 90% o f the global source o f plant biomass is lignocellulose, o f which 820><109 tons
remains potentially accessible annually (Lin and Tanaka, 2006). The source of
lignocellulose is the plant cell wall, which contains cellulose, pectic polysaccharides,
hemicelluloses, lignin and proteins (Keegstra, 2010). Cellulose consists o f p-l,4-linked
glucose molecules, which can be hydrolyzed to produce glucose (Somerville, 2006).
Pectic polysaccharides include covalently linked homogalacturonan, xylogalacturonan,
apiogalacturonan and rhamnogalacturonan, which have sugar components such as apiose,
fucose, xylose, arabinose and galactose (Harholt et al., 2010). Hemicellulose is composed
o f xyloglucan, xylan, mannan, glucomannan, and (3-(l-3, 14)-glucan, which have P-1,4linked backbones of glucose, mannose or xylose (Scheller and Ulvskov, 2010). Lignin is
a complex phenolic polymer, which together with hemicellulose, embed cellulose
(Harholt et al., 2010; Novaes et al., 2010). Glucose and xylose are the main fermentable
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sugars from the biomass hydrolysate, and other fermentable sugars include arabinose,
galactose and mannose (Gray et al., 2006). The general proposed method of producing
cellulosic ethanol is to obtain fermentable sugars from biomass and then convert them
into ethanol by fermentation.
1.2 Pretreatment of Biomass and Enzymatic Hydrolysis
To obtain fermentable sugars for bioethanol production, biomass is usually
pretreated and hydrolyzed by enzymes before fermentation. The purpose o f the
pretreatment is to remove lignin and hemicellulose (Mosier et al., 2005), which act as a
barrier preventing enzymes from accessing cellulose (Jeoh et al., 2007). The dilute acid
pretreatment has currently become the main pretreatment for biomass (Gray et al., 2006).
For example, the national renewable energy department o f the United Sates used diluted
sulfuric acid and high temperature to solubilize hemicellulose to xylose, mannose,
arabinose, galactose and some of the lignin, resulting in exposed cellulose for enzymatic
hydrolysis and the generation o f furfural and 5-hydroxymethylfurfural (Aden et al., 2002).
The main advantage o f the dilute acid pretreatment is the ability to solubilize
hemicellulose and convert solubilized hemicellulose to fermentable sugars (Saha and
Bothast, 1999). However, this method usually generates sugar degradation products, such
as furfural and 5-hydroxymethylfurfural, which are inhibitors of microorganisms used for
fermentation (Saha et al., 2005). Non-acid pretreatments include biological pretreatment,
which directly uses microorganisms to hydrolyze biomass. Other non-acid pretreatment
methods use mechanical forces or other chemical/physical methods to pretreat biomass
(Alvira et al., 2010). Each of the non-acid pretreatments has different drawbacks. For
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example, biological pretreatment has low hydrolysis rate, mechanical forces require high
energy input, and other chemical/physical methods can have lower hemicellulose
solubilization, loss o f hemicellulose or can generate inhibitors of fermentation
(Moniruzzaman, 1996; Sun and Cheng, 2002; Hendriks and Zeeman, 2009). In general,
the increased severity o f pretreatment is usually associated with generation of inhibitors,
high energy input and loss of hemicellulose component. Therefore, I propose the idea of
utilizing a combination o f an enzyme cocktail containing hemicellulases with current
pretreatment methods. The addition o f hemicellulases is a potential alternative method to
expose the structure o f cellulose and decrease the severity o f pretreatment. It is also a
strategy to produce pentose sugars without generating inhibitors for fermentation.
Furthermore, pentose sugars can be fermented and can increase the yield of ethanol
compared to utilizing glucose alone. Thus, developing a protocol to produce
hemicellulases at an industrial level is crucial to improve the efficiency o f production of
cellulosic ethanol.
1.3 The Importance o f Studying Endoxylanases and P-xylosidases on Bioethanol
Development
The structures o f hemicellulose are very diverse and complicated. Composition
and amount of hemicellulose present in biomass depends on plant materials, type of
tissues, growth stage and growth conditions (Kuhad et al., 1997). The complete
hydrolysis o f hemicellulose needs a combination of many enzymes. To date, there are no
commercial hemicellulases that are suitable for biofuel production (Sticklen, 2008). To
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develop hemicellulases suitable for bioethanol production, each type o f hemicellulase has
to be studied.
Xylan is the most abundant hemicellulose (Collins et al., 2005), and its structure is
shown in Figure 1. The backbone o f xylan is composed of P-(l,4)-linked xylose moieties
that are substituted with side chains including arabinose, acetate and methyl-glucuronic
acid (Carpita, 1996). In grasses, arabinose can be further substituted with p-coumaric acid
or ferulic acid, which can decrease the water extractability and were hypothesized to link
xylan to the lignin network (Carpita, 1996; Grabber et al., 2004). Owing to its complex
structure, xylan degradation needs not just one enzyme, but a suite o f enzymes, which
include endoxylanase, P-xylosidase, ferulic acid esterase, a-arabinofuranosidase,
acetylxylan esterase and a-glucuronidase (Collins et al., 2005). Endoxylanase can cleave
the backbone o f xylan and decrease the degree o f polymerization (DP) with or without
liberating arabinose, and P-xylosidase can hydrolyze short xylooligosaccharides,
producing xylose (Polizeli et al., 2005). The other xylanases can remove the side chains
from the backbone. Since the degradation o f the xylan backbone depends on
endoxylanase and P-xylosidase, developing a protocol to produce active endoxylanases
and p-xylosidases can provide initial information for the design o f an enzyme cocktail to
hydrolyze hemicellulose, and might be sufficient to expose the cellulose in plant cell
walls.
In nature, there are various strategies used by microorganisms for degrading the
plant cell wall. Aerobic fungi produce hemicellulases that work synergistically and
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xylobiose

(3-xylosidase
ferulic acid esterase

arabi nose

xylose

ferulic acid

methyl-glucuronic acid

acetate

Figure 1: The Structure of Xylan and Cleaving Enzyme Sites.
The backbone o f xylan is composed o f P-(l,4)-linked xylose moieties, which are
decorated with side chains including arabinose, acetate and methyl-glucuronic acid.
Arabinose can be further modified with p-coumaric acid or ferulic acid. Owing to its
complex structure, xylan degradation needs not just one enzyme, but a mixture of several
enzymes, which includes endoxylanase, P-xylosidase, ferulic acid esterase, a - arabinofuranosidase, acetylxylan esterase and a-glucuronidase.

6

completely degrade the polymers into monosaccharides or disaccharides (de Vries and
Visser, 2001). Aerobic bacteria, however, secrete more enzymes that degrade the
backbones o f polysaccharides and generate larger oligosaccharides so as to compete with
microorganisms that cannot easily utilize larger substrates (Polizeli et al., 2005). In
addition, anaerobic bacteria can produce unique cellulosomes that integrate
manycellulolytic and hemicellulolytic enzymes (Kosugi et al., 2002). The genus of
Aspergillus is a group o f filamentous fungi with 14 distinct groups (de Vries and Visser,
2001). Some members o f the black Aspergillus (Aspergillus niger, Aspergillus
tubingensis) are ideal organisms for industrial applications because of their good
fermentation capabilities and high levels o f protein secretion (de Vries and Visser, 2001).
Several endoxylanases and P-xylosidases from A. niger have been characterized
(Frederick et al., 1985; Shei et al., 1985), further, the genome o f A. niger has been
sequenced and many previously uncharacterized enzymes are now available for testing.
1.4 Benefits and Challenges o f Utilizing Plants as the Bioreactor for Cell Wall
Degradation Enzymes
Currently, cell wall degradation enzymes are expensive to produce in microbial
bioreactors (Sticklen, 2008). Expression o f cell wall degradation enzymes in planta has
many advantages including the ability to be easily scaled up, proper post-translational
modifications and the utilization of solar energy (Taylor et al., 2008). This idea was
initially thought not to be feasible because hydrolases were predicted to attack their
expression hosts. To address this problem, scientists have used sub-cellular targeting,
tissue-specific expression, and genes encoding thermophilic enzymes (Liu et al., 1997;
Xue et al., 2003). Another challenge is the inadequate protein expression levels in plants.

Cell wall degradation enzymes need to be produced in plants at about 10% o f total
soluble protein (TSP) for plants to be economically competitive with bacterial or fungal
expression systems (Sticklen, 2008). To achieve high accumulation levels, sub-cellular
targeting o f heterologous proteins can be a critical strategy, because the route and final
destination of the recombinant proteins can affect their structure and stability (Petruccelli
et al., 2006; Streatfield, 2007). Therefore, sub-cellular targeting can potentially relieve
cell wall hydrolysis in plant cells producing hydrolases, and increase accumulation levels
o f proteins o f interest.
Xylanases have been previously targeted to the cytosol, chloroplast, peroxisome,
apoplast and the endoplasmic reticulum (ER) in plants, with accumulation levels o f 5%,
15%, 4.8%, 4.1%, and 9% o f TSP, respectively (Herbers et al., 1995; Hyunjong et al.,
2006; Yang et al., 2007; Kim et al., 2011). The xylanase targeted to the cytosol displayed
activity at 9.7 unit/mg o f total soluble protein, which is one o f the highest reported
xylanase activities in crude plant extracts (Yang et al., 2007). In this study, I targeted the
proteins o f interest to the ER because cell wall degradation enzymes were accumulated to
higher levels in the ER compared to the other organelles based on unpublished data
(Andrew Conley, unpublished data). Further, overexpressed proteins fused with an
elastin-like polypeptide, hydrophobin, and Zera induced the formation o f protein bodies
in the ER, which enables high accumulation o f heterologous proteins to exist within
limited space in the cells (Conley et al., 2009a; Joensuu et al., 2010; Llop-Tous et al.,
2011). What’s more, scientists have used different types of plants for xylanase expression,
such as rice, barley, Arabidopsis, potato, tobacco and maize (Taylor et al., 2008; Gray et
al., 2011). I chose Nicotiana benthamiana in this study because it has become the
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preferred host for transient expression (Ahmad et al., 2010), and because xylanase
expression in transgenic plants resulted in adverse morphological effects (Ahmad et al.,
2010; Gray et al., 2011).
1.5 HFBI Fusion Provides a Simple Purification Strategy using ATPS
A comprehensive review summarizing the current purification methods for
xylanases (Sa-Pereira et al., 2003), showed that the most commonly used purification
methods for xylanases are ammonium sulfate precipitation, gel filtration and ionexchange chromatography with an overall xylanase recovery range from 0.2 to 78%.
Alternatively, a previous study in our lab has shown that a hydrophobin (HFB) fusion
provides a simple purification method using a surfactant-based aqueous two-phase system
(ATPS; Joensuu et al., 2010). Hydrophobins are a group of surface-active proteins
produced exclusively by filamentous fungi, where they play important roles in fungal
growth and development (Hakanpaa et al., 2004). Hydrophobins were grouped into two
classes based on their hydropathy patterns, but both classes share eight conserved
cysteine residues, which can form disulphide bridges and stabilize the protein’s structure
(Wessels, 1994; Hakanpaa et al., 2004; Szilvay et al., 2007). Hydrophobins can also
change the hydrophobicity of their fusion partners, which allows purification by ATPS
using surfactants such as Agrimul or Triton X-100 (Linder et al., 2004). The surfactant
Agrimul is a linear polyoxyethylene fatty alcohol that can form micelles above the critical
micellar concentration in an aqueous solution, and can separate into two phases remaining
in the upper phase above a certain temperature (Selber et al., 2001; Linder et al., 2004).
The general two steps involved in the surfactant-based ATPS are the partition o f fusion
proteins into the surfactant phase and the addition o f isobutanol to recover the proteins
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from the surfactant into buffer (Figure 2). The mechanism o f the partition behaviour of
HFBs in surfactant-based aqueous solution is unclear, and it has been proposed that HFBs
can form energetically unstable multimeric structures that hide the hydrophobic patches
in aqueous solution, causing HFB to partition into the upper surfactant phase to lower its
solubilization energy (Linder et al., 2004)

1.6 Hypothesis and Objectives
My hypothesis is that fungal xylanases can be expressed in plants at high levels
and display activities towards hemicellulose substrates. My objectives are to identify
putative fungal xylanases, to express xylanases transiently in plants, to quantify
expression levels of the plant-made xylanases, to purify the FIFBI fusions by ATPS and to
characterize the activities of plant-made xylanases.
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Figure 2: Aqueous Two-Phase System.
addition of
surfactant Agrimul

surfactant Agrimul
♦
isobutanol

addition of
isobutanol
mixed solution

micelle-rich
phase with
xylanase-HFBI
first phase separation

N à

second
phase
separation

xylanase-HFBI
in aqueous
solution

micelle-poor
phase without
xylanase-HFBI

This figure illustrates the purification procedure of xylanase-HFBI fusions by
Agrimul-based aqueous two-phase system. The addition of agrimul to the plant extract
can induce the first separation, with the HFBI fusions accumulating in the top phase. The
top phase is isolated and mixed with isobutanol, which induces the second phase
separation. HFBI fusions accumulate in the bottom phase and the surfactant and
isobutanol remain in the upper phase.
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CHAPTER 2: MATERIALS AND METHODS
2.1 Bacterial Media, Solutions and Reagents
2.1.1 Media
Antibiotics
Rifampicin (10 mg/ml) was made by dissolving in 100% methanol, and the
solution was filter sterilized. Kanamycin (100 mg/ml) was made by dissolving in milliQ
H 2O and filter sterilizing. Stock solutions were stored at -20 °C.
Luria-Bertani (LB) Medium
To make 1 liter media, 5 g yeast extract, 10 g NaCl and 10 g tryptone were
dissolved in 800 ml milliQ H 2O, and the final volume was adjusted to 1 liter. 15 g of agar
was used for solid media.
YEB Medium
To make 1 liter media, 5 g beef extract, 1 g yeast extract, 5 g peptone, 5 g sucrose
and 2 ml o f MgS04 (1M) was dissolved in 900 ml milliQ H 2O, and the final volume was
adjusted to 1 liter.
2.1.2 Solutions and Reagents
Sodium-Dodecvl Sulfate Polyacrylamide Gel Electrophoresis tSDS-PAGE) Solutions
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1. Stacking Gel Buffer (0.5 M Tris-HCl pH 6.8): To make 100 ml solution, 6 g
Tris-base was dissolved in 100 ml milliQ H2O. The solution was adjusted to
pH 6.8.
2. Separating Gel Buffer (1.5M Tris-HCl pH 8.8): To make 100 ml solution,
18.15 g Tris-base was dissolved in 100 ml milliQ H2O. The solution was
adjusted to pH 8.8.
3. 5X Reducing Sample Buffer: (Fisher, Cat. No. PI39000).
4.

IPX Electrode Running Buffer: To make 1 liter buffer, 15 g Tris-base, 72 g
glycine and 5 g sodium dodecyl sulfate (SDS) were dissolved in 800 ml milliQ
H2 O, and the final volume was adjusted to 1 liter.

5. IX Electrode Running Buffer: To make 1 liter solution, 100 ml 10X electrode
running buffer was added to 900 ml milliQ H 2O.
6. IPX Phosphate-Buffered Saline (PBS): To make 1 liter buffer, 80 g NaCl,
11.6 g Na2HP04 and 2 g KC1 were dissolved in 800 milliQ H 20, and the final
volume was adjusted to 1 liter. The solution was adjusted to pH 7.5.
7. IX PBS: To make 1 liter solution, 100 ml 10X PBS was added to 900 ml
milliQ H 2O.
Western blot Solutions
1. IPX Tris-Buffered Saline (TBS): To make 1 liter solution, 24.2 g Tris base and
175.3 g NaCl were dissolved in 800 ml milliQ H 2O, and the final volume was
adjusted to 1 liter. The solution was adjusted to pH 7.5.
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2. IX TBS: To make 1 liter solution, 100 ml 10X TBS was added to 900 ml milliQ
H 2O.
3. TBS-Tween Wash Buffer: 20 mM NaCl, 500 mM Tris-Cl and 0.05% (v/v)
Tween-20 was dissolved in milliQ H 2O.
4. IPX Transfer Buffer: 29.2 g/L Glycine, 58.12 g/L Tris base and 3.7 g/L SDS was
dissolved in milliQ H2O.
5. IX Transfer Buffer: To make 1 liter solution, 200 ml Methanol, 100 ml 10X
transfer buffer was added to 700 ml milliQ H 2O.
6. Blocking Solution: To make 100 ml solution, 3 g milk powder was dissolved in
100 IX TBS.
100 mM Phenvlmethvlsulfonvlfluoride (PMSF):
To make 100 ml solution, 1.74 g PMSF was added to 100 ml isopropanol. The
solution was stored at -20°C.
Protein Extraction Buffer
To make 100 ml solution, 2 g polyvinylpolypyrrolidone (PVPP) and 0.1 ml
Tween-20 were added to 95 ml IX PBS and kept for 2 to 24 hours before use. The
following reagents were added just before use: 100 pi leupeptin (100 mM), 200 pi
ethylene diamine tetraacetic acid (EDTA, 0.5 M), 2 g sodium-L-ascorbate and 1 ml
PMSF (100 mM). The resulting solution was made for immediate use, and was stored at
4°C. For enzyme assay, protein extraction did not contain EDTA and Tween-20. For
protein purification, protein extraction buffer used was 50 mM citrate buffer (pH 5).
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Gamborg Solution:
To make 1 liter Gamborg solution, 3.2 g Gamborg’s B5 media with vitamins
(Research Products International Corp., Order No. G20200), 20 g sucrose, 10 ml of 1 M
morpholinoethansulfonic acid (MES) and 1 ml 200 mM acetosyringone were mixed.
Enzyme Assay Solutions:
1. 50 mM Citrate Buffer (pH 4-5.51: Buffer was prepared as described in Sigma
buffer reference center with modifications. Briefly, to make 100 ml 50 mM
stock solution, different volume of 50 mM citric acid monohydrate and
50 mM trisodium citrate dehydrate were mixed together to obtain a final
volume o f 100 ml at different pH. Small amount o f citric acid or sodium
hydroxide can be added to ensure accurate pH. Volume ratio can be obtained
from the official website of Sigma buffer reference center.
2. 50 mM Phosphate Buffer (pH 6-7.5): Buffer was prepared as described in
Sigma buffer reference center with modifications. The buffer center provided
protocols o f making 0.2 M phosphate buffer at different pH. To make 50 mM
phosphate buffer, use one quarter of the reported amounts of potassium
phosphate monobasic and sodium phosphate dibasic heptahydrate, and add
small amount o f sodium hydroxide or hydrogen chloride to ensure accurate pH.
3. 100 mM Glvcine-NaOH Buffer (pH 8-9.51: 25 ml glycine solution (0.2 M)
was mixed with proper amount o f NaOH solution to make a 100 ml solution
with different pH (Hawes, 2000).
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4. Substrate: 1% birchwood xylan (w/v, Sigma, Product No. X0502) was
dissolved in 50 mM citrate buffer (pH 4-5.5), 50 mM phosphate buffer (pH 67.5) or 100 mM glycine-NaOH buffer (pH 8-9.5). The mixture was heated
until the precipitate disappears. Usually this can be achieved when the mixture
reaches the boiling point. Substrate dissolved in lower pH needs to be heated
at the boiling point for a few more seconds to achieve the same effect.
5. 3,5-Dinitrosalicic Acid (DNS) Reagent: To make 10 ml of DNS reagent, mix
0.075 g DNS, 0.14 g sodium hydroxide, 2.16 g sodium potassium tartrate,
0.06 g sodium metabisulfite and 53.67 pi phenol with 10 ml milliQ H2 O. The
solution was preserved in darkness at 4°C.
6. Congo Red Solution (0.1%, w/v): To make 100 ml of Congo Red solution,
mix 0.1 g Congo Red with 100 ml milliQ H2O.
Thin Laver Chromatography Solutions:
1. Separation Solvent: To make 140 ml solvent, 60 ml chloroform, 70 ml acetic
acid and 10 ml milliQ H 2O were mixed.
2. Detection Reagent: To make 100 ml detection reagent, 95 ml of sulfuric acid
was mixed with 5 ml ethanol.
3. Xvlo-oligosaccharide Stock (5%. w/v): 0.25 g xylo-oligosaccharide (Wako
Pure Chemical Industries, Cat. No. 245-00751) was dissolved in 5 ml milliQ
H 2O. 25 pi aliquots were made and stored in darkness at -20°C.
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4. Xvlobiose Stock (4%. w/v): 0.1 g xylobiose (Wako Pure Chemical Industries,
Cat. No. 242-00641) was dissolved in 2.5 ml 50 mM citrate buffer (pH 5) and
stored at -20°C. 100 pi aliquots were made and stored in darkness at -20°C.
2.2 Strains and Plasmids
2.2.1 Strains and Growth Conditions
Escherichia coli XL1 blue was used to amplify plasmid DNA. E. coli was grown
at 37 °C in liquid LB media or on solid LB plates with the appropriate selective antibiotic.
Agrobacterium tumefaciens EHA 105 (Hood et al., 1993b) was used to transfer the gene
o f interest to the Nicotiana benthamiana host. Agrobacterium tumefaciens EHA 105
strain was grown at 28 °C in liquid LB media or on solid LB plates with the appropriate
antibiotic (Sambrook et al., 1989). All strains were prepared to be electro-competent.
2.2.2 Plasmids
Aspergillus niger cDNAs coding for cell wall degradation enzymes were obtained
from Dr. Adrian Tsang (Concordia University, Montreal, Canada). They were
recombined into pDONR/Zeo (Invitrogen, Cat. No. 12535) vectors by Dr. Andrew
Conley in our laboratory. He also constructed destination vectors (pCaMter-gateway-ER
and pCaMter-gateway-ER-HFBI) for protein expression in N. benthamiana. The final
expression clones contain double enhanced CaMV 35 S promoter (Odell et al., 1985) and
NOS terminator (Depicker et al., 1982), which allowed specific expression in plants
(Appendix I).
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2.3 Bioinformatics Analysis
The functions o f 73 glycoside hydrolase clones from A. niger were predicted by
Basic Local Alignment Search Tool (Ladunga, 2002). Protein molecular weight was
predicted by ExPASy Proteomics Server of Swiss Institute of Bioinformatics (Gasteiger
et al., 2003). N-glycosylation sites of proteins were predicted by the NetNglyc server
(Blom et al., 2004).
2.4 Gateway Cloning
2.4.1 LR Reactions
To recombine genes o f interest into expression vectors, LR (L: left, R: right)
reactions were performed according to the manufacturer’s protocol using Gateway
cloning technology (Invitrogen, Walhout et al., 2000). Briefly, to set up one reaction, 0.5
pi entry clone (50-150 ng) and 3 pi destination vector (approx. 150 ng) were mixed with
5.5 pi o f TE buffer (pH 8.0). One microlitre LR Clonase II Enzyme Mix (Invitrogen, Cat.
No. 11791100) was added and the mixture was mixed briefly for several seconds.
Reactions were incubated at room temperature for 2 to 3 hours. Proteinase K solution
(Invitrogen, Cat. No. AM2548) was added to each sample to terminate the reactions. The
reactions were further incubated at 37 °C for 10 minutes. Reaction products were stored
at -20°C.
2.4.2 E. coli Transformations
E. coli cells were transformed according to the Gene Pulser Electroprotocol
method as previously described (Cooley et al., 1991). Gene Pulser II system (Bio Rad)
was used for transformation. Briefly, 2 pi LR reaction product was added to 50 pi
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competent E. coli cells. The cells were electroporated and mixed with 1 ml LB medium.
Transformed cells were allowed to recover by shaking at 37 °C for 1 hour before plating
on LB solid plates with kanamycin (50 pg/ml). LB plates were incubated overnight
before use.
PCR screening using gene-specific primers was conducted to screen positive
transformants that contained an insert with the correct size. Positive colonies were grown
in 5 ml LB medium with kanamycin (50 pg/ml) at 37 °C overnight. Plasmid DNA was
extracted according to the QIA prep Miniprep Handbook, and restriction enzyme
digestion was performed to confirm positive plasmid DNA. Positive plasmid DNA was
stored at -20°C. E. coli XL1 blue cultures with positive plasmid DNA were mixed with
glycerol to 15% (v/v) and stored at -80°C.
2.4.3 Agrobacterium Tranformations
Electro-competent Agrobacterium tumefaciens EHA 105 cells were transformed
based on methods mentioned above for E. coli with the following modifications.
Transformed Agrobacterium cells were allowed to recover by shaking at 28 °C for 2 to 3
hours. After recovery, cells were spread onto LB solid plates with kanamycin (50 pg/ml)
and rifampicin (10 pg/ml). Positive clones were screened by PCR amplication with
specific primers. Positive Agrobacterium strains were stored by mixing with filter
sterilized glycerol to 15% (v/v) at -80°C.
2.5 Transient Expression in Leaves of N. benthamiana Plants
Leaves o f 10- to 14- week old N. benthamiana plants were infiltrated with
Agrobacterium culture and TSP was extracted with cold protein extraction buffer as
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described previously (Conley et al., 2009b). Briefly, Agrobacterium cultures were
adjusted to OD 1.0 with Gamborg solution, then equal amounts o f diluted Agrobacterium
cultures containing the gene o f interest and P19 (a suppressor of post-transcriptional gene
silencing) were mixed (Voinnet et al., 2003). Leaves were infiltrated with the resulting
mixture by a 1 ml syringe. On day four after infiltration, leaf samples were collected and
stored at -80 °C until needed.
2.6 Protein Extraction
Frozen leaf samples were homogenized using a Tissue Lyser (QIAGEN) or by
manual grinding. The first method was used to detect protein expression levels. Briefly, 4
leaf discs were frozen in liquid nitrogen and homogenized in Eppendorf tubes using
2.3 mm ceramic beads (BioSpec Product No. 11079125z) twice for 30 seconds. After that,
300 pi o f protein extraction buffer per four leaf discs was used for protein extraction. The
mixture was then centrifuged for 5 minutes at 14,000 g, after which the supernatant was
transferred to a new tube. The supernatant was centrifuged again so as to remove the
pellet. The leaf extract was then preserved on ice until use. Manual grinding was
performed to obtain large quantity o f samples. Briefly, 1 g leaf tissue was frozen by liquid
nitrogen and ground into a powder, then mixed with 3 ml cold IX PBS. Samples were
then centrifuged and the supernatant was collected in a new tube. Total protein
concentrations in all samples were determined by the Bradford assay (1976).
2.7 Protein Quantification
Plant proteins were separated by sodium dodecylsulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane (Bio-Rad, Lot

20

No. D 11400) using a Trans-blot Semi-dry Transfer Cell (Bio-Rad). The membranes were
blocked with TBS containing 3% (w/v) skim milk powder overnight at 4°C to reduce
non-specific protein interactions between the membrane and the antibody. The
membranes were then incubated at room temperature for 1 hour with 0.25 pg/ml of
mouse monoclonal anti-c-myc-biotin antibody (Sigma, B7554), which allowed the
primary antibody bind to proteins of interest. A 1:5000 dilution of secondary antibody,
horseradish peroxidase (HRP) - conjugated goat anti-mouse IgG (Bio-Rad, 170-6156),
was used to detect the primary antibody by shaking gently for 1 hour at room temperature.
Antibodies were diluted in TBS containing 3% (w/v) milk. The membranes were washed
four times between all incubations with TBS-0.05% (v/v) Tween-20. Proteins were
visualized using the ECL chemilumiscent detection kit (GE Healthcare, Mississauga,
Canada) according to the manufacturer’s protocol and the autoradiographs were scanned
and analyzed with TotalLab TL 100 software (Nonlinear Dynamics, Durham, USA). A
control protein containing a c-myc tag was designed in our lab and synthesized
commercially. Known amounts o f this control protein were used to construct a standard
curve. The amounts o f protein in each band were extrapolated from the control protein
standard curve.
Ten biological replicates were used for protein quantification. Each biological
replicate was represented by a leaf panel from a different plant. The leaf panel was
defined as the infiltrated area within the leaf. All leaves used had similar physical
conditions (color, age, size, relative location on the plant, thickness, etc) to reduce
variability. Leaf panels o f each type o f wild-type protein and its HFBI fusion were
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located within the same leaf and labeled with the same number to ensure consistency and
accuracy o f comparison.
2.8 Xylan Agar Gel Diffusion Assay
The activity o f crude protein extract was detected by gel diffusion as previously
described (Wood et al., 1988) with modifications. Briefly, 0.5% (w/v) xylan from birch
wood (Sigma, X0502) and 1.5% (w/v) agar were dissolved in 100 mM citrate buffer (pH
5) and the mixture was heated to boiling with stirring. The hot mixture was poured into
disposable round Petri dishes and allowed to cool. Three microlitres o f crude plant extract
and diluted (see Figure 6 for detailed concentrations) positive control were spotted onto
the surface o f agar plates. Plates were incubated overnight at 37 °C. Staining was
performed with the Congo Red solution (0.1%, w/v) for 15 minutes and removed by
pouring. Plates were de-stained by washing with 0.5 M NaCl for 30 minutes. Plates were
flooded with 1 M HC1 solution to preserve them for later observation and photography.
The positive control used is xylanase from Trichoderma viride (Sigma, X3876). The
negative control was leaves infiltrated with Agrobacterium strains containing p i 9 (see
Chapter 3.2 for reasons) only.
2.9 Protein Purification by Aqueous Two Phase System
Xylanase-HFBI fusions were purified by ATPS as previously described (Joensuu
et al., 2010). Briefly, total soluble protein was extracted as mentioned above, and an
aliquot o f 80 pi crude extract was mixed with 5X Reducing Sample Buffer and stored
at -80 °C for SDS-PAGE or Western blot analysis. Crude protein extract (Vl=5 ml) was
mixed with the surfactant Agrimul (kindly provided by Dr. Jussi Joenssu) in a tube to a
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final concentration o f 2, 4, 6 or 8% (w/v). The mixture was vortexed gently and rotated
on a ORBITRON rotator (Boekel Scientific, Model 260250) at room temperature for
10 minutes. The tube was then incubated at 22 °C for 1.5 hours and centrifuged at 3000 g
for 5 minutes to allow a clear phase separation. The upper phase containing the HFBI
fusion in Agrimul was transferred to a new tube. Isobutanol (400 pi isobutanol per 1 ml
upper phase) was added to the upper phase and mixed by gently vortexing for several
seconds. The mixture was rotated on the ORBITRON rotator (Boekel Scientific, Model
260250) at room temperature for 5 minutes. The tube was then incubated at 22 °C for 30
minutes and centrifuged at 3000 g for 5 minutes to allow the second clear phase
separation. The upper layer containing the isobutanol and Agrimul was discarded, and the
volume o f the bottom layer containing the HFBI fusion in PBS was measured and labeled
as V2. An aliquot o f 80 pi purified sample was mixed with 5X Reducing Sample Buffer
and stored at -80 °C for SDS-PAGE or Western blot analysis. The purified sample was
stored at -80 °C until needed for the enzyme assay. This process is illustrated in Figure 2.
2.10 Enzyme Assay
2.10.1 Standard Curve Preparation
Xylose (Sigma, Product No. X1075) was dissolved in 50 mM citrate buffer (pH 5)
to make a stock solution with 20 pmol/ml xylose. One ml aliquots o f the stock solution
were stored at -20°C. Before use, the aliquot was thawed and diluted with 50 mM Citrate
Buffer (pH 5) to make xylose solutions with 7 different concentrations: 16 pmol/ml,
8 pmol/ml, 4 pmol/ml, 2 pmol/ml, 1 pmol/ml, 0.5 pmol/ml, and 0.25 pmol/ml.

23

2.10.2 Determination o f Optimum pH
Enyzme assays were designed as previously described with modifications (Lee et
al., 2009). Briefly, 36 pi o f 1% (w/v) birchwood xylan (pH 4 to pH 9.5) was mixed with 4
pi properly diluted leaf extract or purified enzyme. The method of dissolving birchwood
xylan at different pH was described in Section 2.1.2. The reaction mixtures were vortexed
and incubated at 50 °C for 10 minutes. After that, 60 pi DNS reagent was added to each
reaction mixture and the standard solutions. The mixtures were heated at 100 °C for five
minutes and transferred to a 96-well Microplate (Evergreen Scientific, 290-8115-0IF).
Absorbance was measured at 550 nm using an iMark Microplate Reader (Bio-Rad).
Substrate without enzyme/leaf extract and enzyme/leaf extract without substrate were
used as negative controls.
2.10.3 Determination of Optimum Temperature
Thirty six pi o f 1% (w/v) birchwood xylan (pH 5) was mixed with 4 pi diluted
leaf extract or purified enzyme in tubes. The reaction mixtures were vortexed and
incubated at varying temperatures (20 °C to 70 °C) for ten minutes. Xylose produced was
measured as mentioned above (2.10.2).
2.10.3 Determination o f the Dilution Factors
Prior to the enzyme assay for activity quantification, the dosage o f TSP/enzyme
was optimized so as to avoid substrate insufficiency and to ensure a linear relationship
between the TSP/enzyme dosage and the amount of xylose produced during incubation
period. Briefly, crude or purified leaf extract were diluted with differently folds, then 4 pi
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o f the diluted leaf extract was mixed with 36 jj.1 substrate. Activity o f differently diluted
crude or purified leaf extract was determined using a standard assay condition, which is
incubation for 10 minutes in 50 mM citrate buffer (pH 5) at 50°C. After the assay, the
amount o f xylose produced within ten minutes was plotted against the amount of leaf
extract used in the reaction mixtures. The relationship between the two variables was only
linear within a range. When there was too much leaf extract present in the reaction
mixture, xylose production cannot increase proportionately due to substrate insufficiency.
Within the linear range, a dilution factor o f 15 was used for crude extract o f Anig 161 and
Anig 161-HFBI. For purified Anig 161-HFBI, a dilution factor o f 100 was used. However,
this also depends on the protein extraction protocol, such as the ratio o f the amount of
extraction buffer used to the amount o f leaf tissue used. Methods of protein extraction
were described as mentioned above. When new enzymes, extraction or purification
protocols are chosen, new dilution factors should be optimized.
2.11 Analysis o f Hydrolysis Product by Thin Layer Chromatography
2.11.1 Standard Preparation
To make the standard for one TLC plate, 24 pi Xylo-oligosaccharide Stock (5%,
w/v) was mixed with 6 pi xylose stock (20 pmol/ml) in a 1.5 ml tube, and the mixture
was freeze dried. The mixture was then dissolved in 10 pi 95% (v/v) ethanol, vortexed
and centrifuged. Five microlitre o f the dissolved mixture was then spotted onto a TLC
Silica Gel 60 F254 (Voigt Global Distribution Inc, 5549-4).
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2.11.2 Separation and Detection o f Hydrolysis Product
Hydrolysis products were analyzed as previously described with modifications
(Lee et al., 2009). Briefly, hydrolysis products were freeze-dried, dissolved in 10 pi 95%
(v/v) ethanol, vortexed and centrifuged. Six microlitre o f the dissolved hydrolysis
products were spotted onto one silica gel and separated with the separation solvent until
the solvent front reached the top of the silica gel. To visualize the separated hydrolysis
products, the silica gel was sprayed with the detection reagent and heated at 105 °C with a
standard heatblock (VWR Scientific, Cat No. 13259-030) for 5 minutes, after which the
stained silica plate was photographed by scanning.
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CHAPTER 3: RESULTS
The main goal o f this study was to screen plant-made fungal xylanases that
accumulate to high levels and display high activity on hemicellulose substrate. One
characterized and three putative fungal xylanases out of 73 hydrolases from A. niger were
chosen for this study based on bioinformatics analysis. All four proteins were cloned into
plant expression vectors with and without a HFBI tag, and were transiently expressed in
leaves o f N. benthamiana. Protein accumulation levels were quantified by quantitative
Western blot analysis. Activities o f crude plant extracts were determined by Xylan Agar
Gel Diffusion Assay. This was followed by protein purification, enzyme activity assays
and TLC analysis of hydrolysis products which allowed us to purify proteins of interest,
quantify enzyme activities and study the combined actions of an endoxylanase and a
xylosidase for hemicellulose degradation.
3.1 Bioinformatics Analysis o f Hydrolases from Aspergillus niger
One characterized and three putative xylanases out o f 73 hydrolases from A. niger
were identified by analyzing their amino acid sequences using BLASTP to align protein
sequences (Ladunga, 2002). A. niger was used as the source o f cell wall degradation
enzymes because it was believed to be one o f the ideal organisms for industrial
applications due to its good fermentation capabilities and high levels of protein secretion
(de Vries and Visser, 2001), and also because several xylanases identified from A. niger
displayed good activities toward hemicellulose degradation (Frederick et al., 1985; Shei
et al., 1985). Characteristics of these four proteins are summarized in Table 1. The
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Table 1: Summary of Bioinformatics Analysis.
JG I
P r o te in

P ro tein
ID

P r e d ic te d
M o le c u la r

N -g ly c o sy la tio n

W e ig h t

S ite s

A c tiv ity

L ite r a tu r e

(k D a )

A n ig 80

205670

87.2

a

P-xylosidase

Van Peij et al.,
1997

A n ig 84

183088

27.9

b

Putative endo1,4-P-xylanase

None

A n ig 108

55419

75

b

Putative
a-xylosidase

None

c

Putative endo1,4- pxylanase

Pel et al., 2007

A n ig 161

57436

35

a. Confirmed N-glycosylation sites by literatures
b. Predicted N-glycosylation sites
c. No predicted N-glycosylation sites
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remaining 73 hydrolases include putative or characterized mannanase, mannosidase,
amylase, glucosidase, endo- arabinanase, rhamnosidase, chitinase, etc (Ladunga, 2002).
Except for Anig 161, the other three putative or characterized xylanases were predicted to
contain N-glycosylation sites (Blom et al., 2004). Details of N-glycosylation prediction
are shown in Appendix II using the NetNglyc server. Previous research confirmed that
Anig 80 was N-glycosylated, and that although predicted mature Anig 80 without Nglycosylation was 85 kDa, its observed molecular weight was 110 kDa when expressed in
A. niger due to N-glycosylation (van Peij et al., 1997).
3.2 Gateway Cloning and Transient Expression in Plants
The expression clones constructed after performing the LR reaction are shown in
Figure 3. Proteins were targeted to the ER by the Prlb, a secretory signal peptide from the
tobacco pathogenesis-related protein lb (Cutt et al., 1988), and KDEL ER-retrieval signal,
respectively (Conley et al., 2009a). A c-myc tag was used at the C-terminus for detection
and quantification by Western blot analysis. A tCUP translational enhancer was used to
enhance translation (Wu et al., 2001). Double enhanced CaMV 35 S promoter (Odell et
al., 1985) and nos terminator (Depicker et al., 1982) allowed specific expression in plants.
The p i 9 protein is encoded by cymbidium ringspot tombusvirus, and can suppress RNA
silencing by sequestering siRNA (Silhavy et al., 2002). Co-expression of the pi 9 protein
can prevent post-transcriptional gene silencing and enhance transient expression of
proteins o f interest (Voinnet et al., 2003). Therefore, all four proteins and their HFBI
fusions were co-expressed with the p i 9 protein. One leaf disc from each o f the 10
biological replicates (see Chapter 2, 2.7) was collected as a pooled sample for each
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Prlb
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ER-HFBI

I tCUP

Kpnl
Prlb
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att&2^HFBI c-myc KDELl

Figure 3: ER-targeted Constructs with and without HFBI Fusion.
tCUP: Translation Enhancer; Prlb: Secretory Signal Peptide; Xpress: Detection Tag;
YFG: Anig 80, 84, 108,161; c-myc: c-myc Tag; KDEL: ER Retrieval Signal Peptide;
HFBI: Hydrophobin Fusion Protein; Xhol and Kpnl: Recognition Sites for Restriction
Endonucleases; attBl and attB2: Gateway Recombination Sites; YFG: Your Favorite
Gene. Size of each component of the construct is not proportional to the actual sequence
length.
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protein. Crude leaf extract from each pooled sample was separated by SDS-PAGE gel
and stained by GelCode ™ Blue Stain Reagent (Figure 4). Visibly distinct bands were
detected for Anig 80, Anig 80-HFBI, Anig 161 and Anig 161-HFBI by SDS-PAGE
(Figure 4). As expected, Anig 80 expressed in plants was close to 110 kDa for a
glycosylated form o f the protein (van Peij et al., 1997). Since the HFBI with its linker is
about 7 kDa, Anig 80-HFBI was slightly larger than Anig 80 (Figure 4). Proteins with the
expected molecular masses (35 kDa, 42 kDa) were detected for Anig 161 and Anig 161HFBI (Figure 4). A smaller band (around 30 kDa) from the crude extract of Anig 161 is
possibly a degradation product at the c-terminus of Anig 161, because this protein was
not detected by western blot, and because the primary antibody used detects the c-myc tag
at the C-terminus (Figure 4, Figure 5). When all 4 enzymes and their HFBI fusions were
analyzed by immunoblotting, protein expression o f 10 biological replicates was assessed
by Western blot analysis (Figure 5). All eight proteins were detected, meaning that they
were expressed in N. benthamiana (Figure 5). For Anig 80 and Anig 80-HFBI, the
proteins with the expected molecular masses were detected, and it is possible that the
large band (larger than 175 kDa) o f Anig 80-HFBI is a dimer (Figure 5). For Anig 84, a
protein with an expected molecular mass (27.9 kDa) and a protein (around 40 kDa) of
slightly higher molecular mass were detected, which might be caused by N-glycosylation
(Figure 5). For Anig 84-HFBI, three bands were detected; the bottom and middle band of
Anig 84-HFBI are approximately 7 kDa larger than the corresponding bands of Anig 84
(Figure 5). So they appear to be the HFBI fusions o f the small (around 30 kDa) and big
(around 40 kDa) bands o f Anig 84 (Figure 5). The top band (around 80 kDa) of Anig 84HFBI is possibly a dimer (Figure 5). Anig 108, Anig 108-HFBI, Anig 161 and Anig 161-
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Figure 4: Transient Expression of 4 Xylanases and their HFBI Fusions in Leaves of
N. benthamiana Plants.
Total soluble protein (15 pg/lane) from leaf extracts were separated by 10% SDS-PAGE
and visualized by GelCode rM Blue Stain Reagent. * indicate the visible proteins of
interest, p i 9 represents negative control, which is total soluble protein from the leaf
extract that was infiltrated by p i 9 suppressor alone. Proteins of interest were further
evaluated by Western blot (Figure 5). Arrow might indicate the Rubisco large subunit.
M, protein marker.

Figure 5: Western Blot Analysis of Transiently Expressed Xylanases and their HFBI
Fusions in Leaves of N. benthamiana Plants.
Lane 1 to Lane 10 represent 10 biological replicates for each protein. Band intensity is not
proportional to accumulation level because different amount o f TSP o f each biological
replicate from different constructs was loaded into gels in order to obtain optimum
intensity for quantification. Same biological replicates of Anig 161 and Anig 161-HFBI
were further analyzed by SDS-PAGE (Figure 7-A, Figure 7-B). Expected size (kDa):
Anig 80, 87.2; Anig 80-HFBI, 94.2; Anig 84, 27.9; Anig 84-HFBI, 34.9; Anig 108, 75;
Anig 108-HFBI, 82; Anig 161, 35; Anig 161-HFBI, 42.
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HFBI were detected at their expected molecular masses (Figure 5). According to Figure 5,
not every biological replicate o f a particular protein displayed the same number of bands.
As well, in some cases (Anig 80, Anig 80-HFBI, Anig 84 and Anig 84-HFBI), protein
molecular masses were larger than expected, and since they are predicted to contain Nglycosylation sites, we deduced that the increased size was caused by N-glycosylation or
other post-translational modifications. Experimental analysis such as deglycosylation can
be conducted to confirm this.
3.3 Quantification o f Protein Expression Levels
Ten biological replicates were used for protein quantification. To quantify protein
expression levels, total soluble protein o f each biological replicate was first resolved with
an SDS-PAGE gel. Proteins o f interest were then detected by immunoblot analysis, and
the amount of protein in each band was extrapolated by comparing to a control protein
standard curve on the same blot. Protein accumulation levels are shown in Figure 6 and
statistical analysis was conducted by the Statistical Package for the Social Sciences
(SPSS). Welch’s ANOVA test indicated that the eight proteins accumulated at different
levels (p-value<0.001). Furthermore, the ANOVA Post Hoc test was conducted and it
generated pairwise comparisons o f accumulation levels of different proteins at the 0.05
significance level to determine mean differences o f accumulation levels. Pairwise
comparisons indicated that HFBI fusion did not have a significant effect on accumulation
levels o f Anig 80, Anig 108 and Anig 161. Conversely, HFBI fusion significantly
decreased the accumulation level o f Anig 84 by 4.3% ±3.2% o f TSP.

Figure 6: Average of Protein Expression Levels.
Leaves o f N. benthamiana plants were infiltrated and the accumulation levels of proteins
o f interest were quantified by Western blot. Each column represents the mean value for
10 biological replicates, and bars indicate the standard error of the mean. *, indicating a
significant difference determined by the ANOVA Post Hoc pairwise comparisons at the
0.05 significance level in protein expression between xylanase and xylanase-HFBIinfiltrated leaves.
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The expression levels of Anig 161 and Anig 161-HFBI as quantified by
immunoblot analysis are about 38% o f TSP. To confirm this very high level of expression,
each biological replicate used in Western blot was further separated by SDS-PAGE and
stained with GelCode ™ Blue Stain Reagent (Figure 7-A, Figure 7-B). The amount of
TSP loaded for each biological replicate is shown in Table 2. The protein indicated by an
arrow is the large subunit o f Rubisco, which is the most abundant protein in leaves. The
intensity of proteins of interest (indicated by *) exceeded the intensity o f the large subunit
o f Rubisco, indicating that proteins o f interest were expressed at very high levels.
Expression levels o f Anig 161 and Anig 161-HFBI were quantified by comparing to the
band intensities o f BSA with known protein levels, and their accumulation levels reached
up to 46.2% and 21.1%, respectively (Figure 7-A, Figure 7-B). This calculation also
included the smaller bands o f Anig 161 at approximately 30 kDa (Figure 7-A), which
generated a higher value than that o f Anig 161-HFBI. However, for quantification by
Western blots, only the proteins with expected molecular masses (35 kDa and 42 kDa)
were detected and quantified (Figure 5, Figure 6). In addition, the values of expression
levels quantified by Western blots are more reliable in this case because the band
intensities on Western blots were optimized to avoid over-exposure. According to
quantification by both Western blots and SDS-PAGE gels, the expression levels o f Anig
161 and Anig 161-HFBI were verified to be indeed extremely high. Immunoblot analysis
was used to further ascertain that the protein indicated by an arrow is the large subunit of
Rubisco (Figure 8).

37

Figure 7: Confirmation of Expression Levels of Anig 161 and Anig 161-HFBI by
SDS-PAGE.
Ten different plants were agroinfiltrated with Anig 161 (A) and Anig 161-HFBI (B).
Arrows might indicate large subunit o f Rubisco. BR, biological replicate. P I9, negative
control. BSA, positive control. See Table 2 for the amount o f TSP loaded in each lane.
*, proteins o f interest.
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Table 2: The Amount of TSP Loaded for Each Biological Replicate.

Biological
Relicate (BR)

BR1

BR2

BR3

BR4

BR5

BR6

BR7

BR8

BR9

BRIO

TSP Oig) for
Anig 161

3.3

3 .2

3 .2

2 .8

6 .7

4.1

3 .0

4 .4

2.8

3 .9

4.3

5.5

8 .8

7 .0

4 .7

5.8

5.6

6 .8

5 .4

6.3

TSP (fig) for
Anig 161-HFBI

Table 2 shows the amount o f TSP loaded in each lane for Figure 7.
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Figure 8: Detection of the Large Subunit of Rubisco.
For Figure A, 6 fig of TSP was loaded for 3 replicates of Anig 161, Anig 161-HFBI and
pl9. For Figure B, 1 pg o f TSP was loaded for 3 replicates o f Anig 161, Anig 161-HFBI
and p i 9. The large subunit of Rubisco was detected by the Rubisco antibody.
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3.4 Assessment o f Activity o f Crude Plant Extract on Xylan Agar Plate
To determine if any o f the expressed proteins are enzymatically active, a xylan
agar plate assay was used. The congo red solution reacts with xylan, and clear diffusion
zones indicate enzymatic activity on xylan degradation. Three microlitre o f crude plant
extract were spotted onto the plate together with 3 different concentrations (0.5, 0.25 and
0.125 U/ml) o f the commercial xylanase from Trichoderma viride (Sigma, X3876) as
positive control, and crude plant extract containing no recombinant enzyme as negative
control (pi 9). Results of the agar plate assay are shown in Figure 9. The crude extract
from Anig 161 and Anig 161-HFBI displayed clear diffusion zones with larger diameters
compared to the other extracts and the positive control. Because o f their clear activities
displayed in this assay, activities of both purified and crude extracts of Anig 161 and
Anig 161-HFBI were further quantified by the DNS method, which determines the
reducing sugar content in reaction mixtures. Because the other enzymes did not express as
well as Anig 161, it is possible that not enough enzymes were spotted on the plate for a
clear zone to be observed, and it is still possible that these enzymes are active. Therefore,
all four enzyme-HFBI fusions were purified by ATPS using the properties o f the HFBI
partner.
3.5 Purification o f HFBI Fusions and Optimization of Aqueous Two-Phase System.
To purify enzyme-HFBI fusions from crude leaf extracts, the characteristic of the
HFBI partner to partition into a surfactant-based aqueous two phase system was used.
Crude leaf extracts and purified extract were mixed with 4% (w/v) of the surfactant
Agrimul, allowed to partition, and the Agrimul fraction was resolved on SDS-PAGE gel
(Figure 10-A). Equal amount o f TSP (6.7 pg) from crude extract was loaded to lanes 2, 4,
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Figure 9: Enzyme Assay Using Xylan Agar Plates.
All proteins o f interest and negative control were extracted using the same protocol, and
3 |jl o f each crude plant extract and positive control was spotted on to the surface of xylan
agar plate. P I, P2 and P3 represent the positive control, xylanase from Trichoderma
viride (Sigma, X3876). Their activity levels are 0.5, 0.25 and 0.125 U/ml, respectively.
One unit will liberate 1 pmol o f xylose per minute at pH 4.5 at 30 °C. p i 9 represents
negative control. * indicates the area where samples were transferred to.

Figure 10: Purification of HFBI Fusions and Optimization of Aqueous Two-Phase
System.
A. Detection o f purified HFBI fusions by SDS-PAGE. 4% (w/v) o f Agrimul was used for
partitioning. Each crude extract contains equal amount o f TSP, and equal volume o f the
corresponding purified HFBI fusion was loaded. Stars indicate visible purified HFBI
fusions. B. Agrimul concentration optimization for the purification o f Anig 161-HFBI.
Same crude plant extract of Anig 161-HFBI was purified with Agrimul at 2, 4, 6, and 8%
(w/v), respectively. Equal amount of TSP of crude extract from Anig 161-HFBI and pi 9
was loaded in lane 2 and lane 7. Equal volume of the purified HFBI fusions (lane 3-6) and
pi 9 (lane8-l 1) was loaded so as to visualize the concentration difference o f the purified
samples.
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6, 8 and 11. The volume o f each purified fraction was identical to the corresponding
crude extract to visualize the concentration effect of proteins o f interest. Figure 10-A
indicates that Anig 80-HFBI and Anig 161-HFBI can be purified by ATPS.

To study the effect o f Agrimul concentration on purification efficiency and
recovery o f Anig 161-HFBI, the crude extract o f Anig 161-HFBI was purified with the
addition o f different amounts o f Agrimul (2, 4, 6 and 8%, w/v). Briefly, 10 g of leaf tissue
was ground and extracted with 30 ml buffer, 20 ml of the resulting crude extract after
centrifugation was equally divided into 4 tubes to be purified with different amounts of
Agrimul. Crude and purified extracts were resolved on SDS-PAGE gel (Figure 10-B).
Similarly to Figure 10-A, the volume o f each purified extract loaded on the gel was the
same as that o f the crude extract (3.8 pg TSP, 4.3 pi) to visualize the concentration effect
on Anig 161-HFBI. Protein recovery, concentration fold and purity are summarized in
Table 3 and data shown are the average o f three replicates. Results in Table 3 indicate
that with the increase o f Agrimul concentration, the concentration fold and purity of
protein decreases, but the protein recovery increases. The concentration fold means the
ratio o f the concentration o f proteins of interest in the purified extract to that of the
original crude extract. The concentration difference o f Anig 161-HFBI in the purified
extract can also be visualized in Figure 10-B (lane 3 to lane 6).
3.6 Enzyme Activity Assay using DNS Method
Enzyme activities o f crude leaf extracts o f Anig 161/Anig 161-HFBI and purified Anig
161-HFBI were characterized as described in Chapter 2 (2.10). The activity o f crude
extract was defined as the amount o f xylose (pmol) produced by 1 mg total soluble TSP
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Table 3: Protein Recovery and Concentration Fold.

Agrilmul Concentration (w/v)

2%

4%

6%

8%

Recovery

21±3.1%

42±4%

78±11%

83±8.9%

Concentration Fold of Protein

7.1

4.3

3.7

3.3

Volume of Crude Extract (VI, pi)

5000

5000

5000

5000

Volume of Purified Extract (V2, pi)

197

493

1060

1243

Final Recovered Protein (pg)

768.3

1183.2

2120

2361.7

Purity

97%

96%

92%

90%

Crude extract o f Anig 161-HFBI was mixed with Agrilmul at different concentrations.
The final recovery o f Anig 161-HFBI increased with the increase of Agrimul
concentration. However, the final concentration and purity o f Anig 161-HFBI decreased
with increasing Agrimul concentration.

per minute under assay conditions. A similar definition was also described previously
(Yang et al., 2007). The activity of purified extracts was defined as the amount o f xylose
(pmol) produced by 1 mg enzyme per minute under assay conditions. pH profiles and
temperature profiles are shown in Figure 11. Activities were obtained from three
biological replicates and the bars indicate standard error o f the mean.
According to Figure 11-A, the optimum pH for crude extract o f Anig 161 is 6,
while the optimum pH o f crude extract and purified Anig 161-HFBI is close to 5. The
difference between the two treatments is the presence o f the HFBI tag. Therefore, perhaps
HFBI fusion decreases the optimum pH o f the wild type enzyme. According to Figure 11B, the optimum temperature for all three samples is 50 °C. Optimum activity of crude
Anig 161-HFBI was significantly lower than crude Anig 161. Since there was not a
significant difference in accumulation levels between the two proteins (Figure 6), this
might indicate that HFBI fusion decreased the enzymatic activity o f Anig 161, unless the
small protein (30 kDa) in Anig 161 has biological activity (Figure 4). The optimal
specific activity o f Anig 161-HFBI in crude leaf extract was estimated by dividing the
optimal activity of crude extract of Anig 161-HFBI by the expression levels (38.3% TSP),
and the resulting value is 488 unit/mg o f enzyme. The optimal specific activity o f purified
Anig 161-HFBI is 238 unit/mg o f enzyme, which is 49% o f the estimated optimal specific
activity o f Anig 161-HFBI in the crude leaf extract, indicating that the purification
procedure decreases the specific activity of Anig 161-HFBI. This is likely caused by the
interference o f contaminating isobutanol or Agrimul.

Figure 11: Determination of Activities of Crude Extract of Anig 161/Anig 161-HFBI
and Purified Anig 161-HFBI by DNS Assay.
A. pH profiles o f crude extract of Anig 161-HFBI, Anig 161 and purified Anig 161-HFBI
Properly diluted crude and purified plant extracts were incubated with 1% birchwood
xylan (w/v) suspended in buffer with different pH at 50 °C for 10 minutes; reactions were
then visualized by adding DNS reagent. Absorbance was measured at 550 nm. Red,
average o f TSP activity o f Anig 161; Blue, average of TSP activity of Anig 161-HFBI,
Green, Average o f specific activity of purified Anig 161-HFBI. B. Temperature profiles
o f crude extract o f Anig 161-HFBI, Anig 161 and purified Anig 161-HFBI. Properly
diluted crude and purified plant extracts were incubated with 1% birchwood xylan (pH 5,
w/v) for 10 minutes under different temperature; reactions were then visualized by adding
DNS reagent. Absorbance was measured at 550 nm. Red, average of TSP activity o f Anig
161; Blue, average o f TSP activity o f Anig 161-HFBI, Green, Average o f specific activity
o f purified Anig 161-HFBI.

pH Profiles
370

Temperature Profiles

Temperature (*C)
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3.7 Characterization o f Combined Action o f Purified Anig 161-HFBI and Anig 80-HFBI
by Thin-Layer Chromatography
Anig 80 is predicted to be a P-xylosidase and should convert xylobiose to xylose,
while Anig 161 is predicted to be an endoxylanase and therefore should cleave xylan and
produce xylose oligomers. Enzymatic functions o f Anig 80-HFBI and Anig 161-HFBI
were identified by detecting hydrolysis products using TLC. To determine if Anig 161HFBI and Anig 80-HFBI are P-xylosidase, 5 pi purified Anig 161-HFBI and Anig 80HFBI were separately incubated with 25 pi of 4% xylobiose (w/v) for one hour,
hydrolysis products were then evaluated by TLC. Anig 80-HFBI converted xylobiose to
xylose completely, and Anig 161-HFBI could not hydrolyze xylobiose (Figure 12-A). To
determine if Anig 161-HFBI has endoxylanase activity, 27 pi of 1% birchwood xylan
(w/v) was incubated with 3 pi purified Anig 161-HFBI for 30, 60, 90, 120 minutes,
respectively. Anig 161-HFBI could hydrolyze birchwood xylan and produce xylose,
xylobiose, xylotriose, xylotetraose (Figure 12-B). In addition, the incubation time did not
display a significant effect on the hydrolysis according to Figure 12-B. Therefore, Anig
161-HFBI was confirmed to be an endoxylanase and Anig 80-HFBI was confirmed to be
a P-xylosidase.
To study the combined actions o f the two enzymes, five enzymatic reactions were
prepared. For reaction one (Lane 2, Figure 12-C), 5 pi purified Anig 161-HFBI, 5 pi
50 mM citrate buffer (pH 5) and 25 pi o f 1% birchwood xylan (w/v) were mixed and
incubated for 2 hours; For reaction two (Lane 3, Figure 12-C), 5 pi purified Anig 80HFBI, 5pl 50 mM citrate buffer (pH 5) and 25 pi of 1% birchwood xylan (w/v) were
mixed and incubated for 2 hours; For reaction three (Lane 4, Figure 12-C), 5 pi purified

50

A.

B.

C.

xlx2-

m ^

Hi #

t :
* *
12
3 4 5 6
«/ * * *
&y
sx6-

Figure 12: Combined Action of Purified Anig 161-HFBI and Anig 80-HFB1.
A. Analysis o f hydrolysis product o f purified Anig 161-HFBI and Anig 80-HFBI
incubated with xylobiose. Lane 2 represents hydrolysis product of xylobiose incubated
with purified Anig 161-HFBI. Lane 3 represents the hydrolysis product of xylobiose
incubated with purified Anig 80-HFBI. B. Analysis of hydrolysis product of purified
Anig 161-HFBI incubated with birchwood xylan for 30, 60, 90 and 120 minutes,
respectively. C. Combined action o f purified Anig 161-HFBI and Anig 80-HFBI using
birchwood xylan as a substrate. Details o f the five reactions are described in Section 3.7.
Lane 1 represents standard. X I, xylose, X2, xylobiose, X3, xylotriose, X4, xylotetraose,
X5, xylopentaose, X6, xylohexaose. p i 9 represents negative control, which is the
hydrolysis product o f birchwood xylan incubated with purified p l9 extract using ATPS.
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Anig 161-HFBI was first incubated with 25 pi of 1% birchwood xylan (w/v) for
one hour, then 5 pi of purified Anig 80-HFBI was added into the mixture and incubated
for another hour; Reaction four is the reverse order o f reaction three; For reaction five
(Lane 6, Figure 12-C), 5 pi purified Anig 161-HFBI and 5 pi Anig 80-HFBI were
incubated with 25 pi of 1% birchwood xylan (w/v) simultaneously for two hours.
Hydrolysis products o f the five reactions were analyzed by TLC. The results showed that
Anig 80-HFBI does not hydrolyze birchwood xylan, and therefore does not display
endoxylanase activity (Figure 12-C). As well, when the two enzymes were mixed
together with birchwood xylan, no xylobiose or xylotriose are present, while more xylose
is present than when Anig 161-HFBI alone is used (Figure 12-C). Therefore, the enzyme
activities are complementary, and a hydrolytic enzyme cocktail would be more efficient
when both enzymes are included.
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CHAPTER 4: DISCUSSION
One characterized and three putative fungal xylanases have been identified out of
73 hydrolases from A. niger. In this study, they were proposed to have xylanase activity
when expressed in N. benthamiana. These four fungal proteins were targeted to the ER,
and were fused to HFBI, which is a fungal hydrophobin with properties useful for a two
step purification method, the ATPS. Both wild type and fusion proteins were found to be
expressed in N. benthamiana. This was followed by protein quantification and
purification, which allowed us to determine the accumulation levels and effectiveness of
ATPS as the purification method for proteins o f interest. Furthermore, biological
activities o f these plant-made proteins were studied by xylan agar plate assays, DNS
assays and TLC analysis. These activity analyses identified two biologically active
xylanases, characterized them as an endoxylanase and a P-xylosidase, and showed their
complementary action towards hemicellulose. This study provided an overall strategy to
produce fungal xylanases in plants at high levels, and provided information to design
enzyme cocktails based on their specific action towards biomass hydrolysis.
4.1 The Effect o f Protein Accumulation Levels in Plants on Bioethanol Production
Based on current technology, cell wall degradation enzymes are expensive to
produce in microbial reactors (Howard et al., 2003; Knauf et al., 2004), and plants are
believed to be alternative bioreactors (Sticklen, 2008). Xylanases have been produced in
plants at different levels, for example, 0.17% o f TSP in rice plants (Kimura et al., 2010),
5% of TSP in potato plants (Yang et al., 2007), 11%-15% o f TSP in tobacco plants (Hood
et al., 1993a), 1.4-3.2% o f TSP in Arabidopsis plants (Bae et al., 2008) and 16.4% o f TSP

in maize (Gray et al., 2011). Compared to previous studies, some o f our xylanases
accumulated at much higher levels in leaves o f N. benthamiana plants when expressed
transiently (Figure 6). Specifically, Anig 80, Anig 161 and Anig 161-HFBI were
produced at levels higher than 10% o f TSP, reaching up to 13.7%, 38.7% and 38.3%,
respectively. Such high expression levels in plants have the potential to decrease the cost
o f purification, transportation and storage. All o f our xylanases were expected to be
retained in the ER, as a strategy to prevent hydrolases from attacking plant cell walls of
the expression hosts and to improve protein accumulation levels (Andrew Conley,
unpublished data; Xue et al., 2003). In addition, GFP-HFBI fusion targeted to the ER was
found to induce the formation o f protein bodies, which allow high accumulation of
heterologous proteins within the limited space in the cells (Conley et al., 2009a; Joensuu
et al., 2010). Also, a xylanase-Zera chimeric protein induced ER-derived protein bodies
(Llop-Tous et al., 2011). Since Anig 161-HFBI is a xylanase that was targeted to the ER,
fused with a HFBI tag, and accumulating at very high levels reaching 38.3% TSP, we
hypothesize that it can form protein bodies in the ER.
4.2 ATPS as the Potential Purification Strategy for HFBI Fusions
Previously in our lab, Dr. Jussi Joensuu et al. (2010) conducted the first study
aimed at producing a fungal hydrophobin protein fused to green fluorescent protein and to
glucose oxidase, a protein with applications in the food industry, in plants with an
accumulation level up to 51% of TSP (Joensuu et al., 2010). The authors were able to
purify GFP-HFBI using ATPS with a recovery up to 91%. What’s more, the HFBI fusion
partner did not affect the function o f GFP and glucose oxidase proteins. In this study, I
successfully purified Anig 80-HFBI and Anig 161-HFBI using ATPS, and recovered up

54

to 83% o f protein o f interest. Similarly to the finding o f Joensuu et al. (2010), with the
increase o f the concentration of Agrimul, protein recovery increased, but protein
concentration decreased. When the concentration of Agrimul was 2% (w/v), we obtained
a maximum concentration fold at 7.1. On the other hand, recovery was the highest at 83%
when 8% Agrimul (w/v) was used. In addition, protein purity decreased from 97% to 90%
with the increase o f Agrimul concentration (from 2 % to 8%, w/v). Therefore, depending
on the requirement for the enzymes, the concentration o f Agrimul can be easily adjusted.
The most commonly used purification methods for xylanases are ammonium
sulfate precipitation, gel filtration and ion-exchange chromatography with an overall
recovery range from 0.2 to 78% (Sa-Pereira et al., 2003). These methods show a
correlation between increasing purification steps and decreasing protein recovery. The
purification method used in this study only involved two steps, which are the partitioning
o f proteins o f interest to the surfactant phase and back extraction of proteins of interest
into the aqueous solution by isobutanol. Perhaps this feature was crucial to obtain the
high recovery. Often, studies have used ATPS to purify xylanases mainly by a PEG/salt
system (Teotia et al., 2001; Igarashi et al., 2004). However, highly concentrated salt was
found to inhibit cells o f microbial organisms (Sinha et al., 2000). To my knowledge, this
is the first study to use hydrophobin fusions and ATPS to purify xylanases. Furthermore,
this was also the first study to compare the effect of an HFBI tag on an enzyme’s
optimum pH and temperature. The results in this study showed that HFBI tag slightly
decreased enzyme activity, and decreased the optimum pH o f wild type crude extract by 1
unit, but did not affect the optimum temperature. The simplicity, high recovery and
concentration fold, and the mild adverse effect on enzymatic functions o f this purification
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strategy displays great potential for the purification o f commercial xylanases and other
enzymes.
4.3 Characterization o f the Biochemical Properties o f Enyzmes
Current pretreatment technology focuses on developing approaches that support
lower enzymatic dosage and shorter bioconversion time (Alvira et al., 2010). Xylanase
supplementation has been found to improve saccharification of pretreated biomass by
enhancing the production of both glucose and xylose (Alvira et al., 2010). Different
enzymatic hydrolysis strategies need to be developed for different sources o f biomass on
a case-by-case basis because o f diversified composition of biomass, pretreatments and
fermentation systems.
In this study, a plant-made fungal J3-xylosidase (Anig 80) and an endoxylanase
(Anig 161) were characterized for the first time. Although Anig 80 was confirmed to have
P-xylosidase activity when isolated from Aspergillus, its activity when produced in plants
had never been studied. Anig 161 was predicted to have endoxylanase activity (Pel et al.,
2007), but its enzymatic activities have not been characterized in any organism. The
crude plant extract o f Anig 161 displayed optimum activity at 327 Unit/mg of TSP under
assay conditions. Most current hosts used for expressing xylanases are microbial
organisms. Activity o f a recently characterized plant-made xylanase from Streptomyces
olivaceoviridis A l was determined to be 9.7 Unit/ mg of TSP, which was one o f the
highest so far (Yang et al., 2007). Therefore, my study obtained one of the highest plantmade xylanase activities, and I believe that plants have the potential to produce fungal
xylanases with high activities at high levels.
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Units per volume o f both crude and purified plant extract were calculated in order
to further assess the ability to utilize the expression and purification system o f this study
for biomass degradation. The activity o f crude extract o f Anig 161, Anig 161-HFBI and
purified extract o f Anig 161-HFBI was 114 unit/ml, 84 unit/ml and 563 unit/ml,
respectively. Enzymatic activity o f the Anig 161-HFBI purified with Agrimul was
characterized by DNS method. The activity o f Anig 161-HFBI purified with 2% (w/v)
Agrimul was 930 unit/ml because o f the higher concentration fold. This activity
determination was based on the assumption that concentration of Agrimul does not have a
significant effect on xylanase activity. Therefore, if crude extract is used directly for
enzymatic hydrolysis, Anig 161 is a better choice over Anig 161-HFBI. However, if a
large amount of highly concentrated and active enzymes are needed, purified Anig 161HFBI is a preferable choice.
Depending on the strategy o f pretreatment, saccharification and fermentation, the
composition, dosage and biochemical properties o f the enzyme cocktail should be
optimized and controlled in order to obtain the highest yield of ethanol economically.
Therefore, there is a need to screen enzyme collections for highly active cell wall
degradation enzymes that are suitable for bioethanol production, and to develop a
protocol to produce them in an appropriate host at an industrial level. Most researchers
have focused on the development o f cellulases rather than hemicellulases (Sticklen, 2008).
However, the development o f hemicellulases suitable for bioethanol production is also
important to achieve simultaneous bioconversion of cellulose and hemicellulose. Because
cellulose is embedded in hemicellulose and lignin, pretreatment is necessary to remove
hemicellulose and lignin and to expose cellulose for enzymatic hydrolysis. The addition
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of hemicellulases to pretreatment has many potential benefits, such as the ability to
decrease pretreatment severity, the potential to generate less inhibitors for fermentation
and the utilization of pentoses from hemicellulose. There are many factors that can
influence the effectiveness of an enzyme cocktail. For example, an enzyme cocktail
composed of both cellulases and hemicellulases should digest biomass efficiently and
produce fermentable sugars. Also, the combination o f pretreatment methods and
enzymatic hydrolysis should produce fewer fermentation inhibitors. Furthermore,
biochemical properties o f the enzyme cocktail should be compatible with the condition of
both pretreatment and fermentation. Otherwise, alternative measures should be taken to
make them compatible to each other. In general, being active over a wide range of pH and
temperature is a beneficial feature for bioethanol production. In this study, the
biochemical properties o f crude extracts o f Anig 161, Anig 161-HFBI and purified Anig
161-HFBI were examined to facilitate the optimization of enzyme cocktails for future
studies.
4.4 Biomass Degradation Based on Combined Action
Endoxylanases and (3-xylosidases are responsible for breaking down the backbone
o f xylan (Polizeli et al., 2005). I found in this study that purified Anig 80-HFBI and Anig
161-HFBI can work together to break down birchwood xylan and produce xylose. When
the substrate was incubated with purified Anig 161-HFBI, the primary hydrolysis product
was xylobiose, which was followed by xylotriose, xylotetraose and a small amount of
xylose (lane 2, Figure 12-C). Purified Anig 80-HFBI almost could not hydrolyze
birchwood xylan at all (lane 3, Figure 12-C). When purified Anig 161-HFBI was
supplemented with purified Anig 80-HFBI, xylobiose and xylotriose were almost

58

completely converted to xylose (lane 4 to lane 5, Figure 12-C). The amount of
xylotetraose decreased slightly, and the amount o f xylose increased largely. I also found
that when purified Anig 161-HFBI was incubated with the substrate first for one hour
followed by the addition o f Anig 80, there was a larger amount of xylose produced (lane
4, Figure 12-C). My results indicate that although Anig 80-HFBI was not able to attack
birchwood xylan, Anig 161-HFBI can help by first attacking birchwood xylan and
producing oligomers, which can be further hydrolyzed by Anig 80-HFBI. In return,
decreased oligomers in the reaction mixture can potentially relieve the end product
inhibition o f Anig 161-HFBI (Sunna and Antranikian, 1997). Therefore, it is possible that
synergy exists in this reaction which should be further investigated.
The xlnD gene encodes Anig 80 in A niger (van Peij et al., 1997). That study
indicated that the xlnD gene encodes the primary extracellular P-xylosidase because the
strain whose xlnD gene was disrupted accumulated mainly xylobiose and xylotriose when
grown on xylan and displayed no P-xylosidase activity (van Peij et al., 1997). Similarly,
we found that plant-made Anig 80-HFBI could almost completely convert xylobiose and
xylotriose to xylose when supplemented with Anig 161-HFBI using birchwood xylan as a
substrate under assay conditions. Perhaps the reason that Anig 80-HFBI did not display
very much activity towards xylotetraose is that xylobiose is usually the best substrate for
p-xylosidase, and the affinity of the enzyme to xylooligosaccharides increases with the
decreasing degree o f polymerization (Sunna and Antranikian, 1997).
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS
In summary, fungal xylanases accumulate in leaves of N. benthamiana plants at
high accumulation levels up to 38.7% of TSP when expressed transiently. Their HFBI
fusions were purified by ATPS with a recovery of up to 83%. An endoxylanase and a Pxylosidase were characterized and their combined action on xylan increased the
production o f xylose. This study obtained one o f the highest plant-made xylanase
expression and activity levels, and presents a very promising expression and purification
system for fungal hemicellulases so that production o f cellulosic bioethanol can be
potentially increased.
For future study, combined action o f Anig 80 and Anig 161 can be quantified to
investigate their possible synergistic activities. De-glycosylation experiments can be
performed to determine if the plant-made xylanases are glycosylated. Except for
endoxylanase and P-xylosidase, other types of hemicellulases can be expressed in plants
in the future, and their functionalities can be studied. Once highly active plant-made
hemicellulases are obtained at high expression levels, enzyme cocktails can be designed
and the composition o f the cocktail can be optimized using biomass pretreated with
different methods. Hydrolysis products o f pretreated biomass using optimized enzyme
cocktails should also be tested with different fermentation methods. The ultimate goal is
to develop an optimal system which has compatible pretreatment, enzymatic hydrolysis
and fermentation design.
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Appendices
Appendix I
RB and LB: left and right border o f T-DNA; NPTII: Neomycin phosphotransferase II,
selectable marker; 2X35S P: double enhanced cauliflower mosaic virus 35S Promoter.
Nos P: Nos promoter; Nos T: Nos terminator; CasA: suicide gene; attRl/attR2: gateway
recombination sites; All other elements were described in Figure 3. Maps not drawn to
scale.
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Appendix II
The graphics are output formats generated from the NetNglyc server (Blom et al., 2004),
which illustrate N-glycosylation potentials across the sequence length. The x-axis
represents protein length from N- to C-terminal, and a position with a potential (vertical
lines) crossing the threshold (red horizontal line at 0.5) is predicted glycosylated.
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